Twenty-three of the most prominent spots which are visible on twodimensional (2-D) protein gels of Bacillus subtilis crude extracts were selected as marker spots for the construction of a 2-D protein index. N-terminal sequencing of the corresponding proteins resulted in the identification of enzymes involved in glycolysis, TCA cycle, pentose phosphate cycle, amino acid metabolism, nucleotide biosynthesis and translation. Using computer analysis of the 2-D protein gels, most of these metabolic enzymes were found to be synthesized at a reduced rate after different stresses and glucose starvation. Such an approach permits a rapid and global evaluation of the regulation of different branches of metabolism in response to various physiological conditions.
INTRODUCTION
At present there is a strong impetus to explore the complete genomes of prokaryotic and eukaryotic organisms. Besides the human genome project, work is being carried out to determine the complete sequences of Escherichia coli, Bacillus subtilis (Kunst & Devine, 1991 ; Devine, 1995) , Arabidopsis thaliana, M u s mzusculus, Drosophila melanogaster and Caenorhabiditis elegans. The complete sequences of the genomes of Haemophilus influenxae (Fleischmann et al., 1995) and Mycoplasma genitalium (Fraser c?t al., 1995) have been reported. B. subtilis is included in the list of organisms to be sequenced because it is considered to be a model system for Gram-positive bacteria, it has the ability to undergo spatial and temporal differentiation, and has industrial importance. Five European laboratories started the systematic sequencing of B. subtilis in September 1988. Now about 20 groups are working world-wide on this project. However, the sequencing itself is only the first step in the elucidation of the function of the individual genes and the proteins encoded. Genome sequencing xs therefore generally accompanied by research programmes designed to characterize the function of each single gene as well as to understand the regulation of those genes. High resolution two-dimensional (2-D) protein gel electro-Abbreviation : 2-D, two-d i mensiona I. phoresis of L-[ 35S] methionine-la belled protein extracts is a very potent tool for the investigation of complex changes in gene expression. Using this technique more than 500 proteins can be separated and their synthesis rates under quite different environmental conditions can be monitored. The technique is even more powerful if the stained 2-D protein gels or autoradiograms of the gels are analysed with sophisticated computer program packages which permit the simultaneous analysis of either the synthesis rate or the quantity of a large number of proteins. The proteins can then be identified by microsequencing of the protein spots. Such an approach will provide essential information on gene regulation and the function of the proteins.
For E. coli a very extensive protein database, Eco2Dbase, has been constructed by F. C. Neidhardt and R. A. VanBogelen (VanBogelen et al., 1992) that incorporates data on gene regulation as well as on the function of E. coli proteins. Very detailed databases of 2-D protein separations have also been established with different determinations for human body fluids (PDD, Lemkin et al., 1995) , human liver (Hughes et al., 1993) , plasma and red blood cells (Golaz et al., 1993) , human heart (Corbett et al., 1994) and Saccharomyces cerevisiae (YPD, Garrels et al., 1995) .
Here we present the beginning of the construction of a protein index for B. subtilis. A master gel of exponentially growing cells is shown, where the identity of 23 vegetative protein spots has been determined by N- terminal microsequencing o r determination of internal sequences. We are publishing these results at this stage to make reference points available for other groups employing 2-D protein gel electrophoresis for the investigation of B. subtilis. The synthesis pattern of these presumably vegetative proteins during exponential growth, heat shock, salt stress and glucose starvation is compared.
METHODS
Bacterial strain and culture conditions. All experiments were performed with B. subtilis IS58 (trpC2 fys3) (Smith et af., 1980) grown at 37 "C under vigorous agitation in a synthetic medium described previously (Stiilke et al., 1993) . Glucose starvation was triggered by cultivating the bacteria in medium containing the growth-limiting concentration of 0.05 '/ o glucose. Heat shock was accomplished by transferring the culture from 37 "C to 48 "C and salt stress was induced by adding sodium chloride to a final concentration of 4 YO.
Pulse labelling and analytical 2-D gel electrophoresis. For preparation of an analytical gel showing the typical vegetative protein pattern under optimal growth conditions, 2 ml bacterial culture was labelled at an OD,,, of 0.4 with 5 pCi (185 kBq) ~-[~,S]rnethionine (ml culture)-' for 3 min. For analysis of changes in the protein synthesis pattern during glucose starvation or stress, bacteria were labelled at different times after the onset of the stationary phase or after the imposition of stress. ~-[~,S]Methionine incorporation and protein synthesis were stopped by adding 100 pg chloramphenicol ml-l and an excess of cold methionine (1 mM) as well as by transferring the culture onto ice. Cells were harvested by centrifugation (4 "C, 10000 r.p.m., 10 min), washed twice with TE buffer (0-1 M Tris/HCl, 1 mM EDTA, pH 7.5) and the pellet was resuspended in 400 pl sonication buffer (10 mM Tris/HCl, pH 7.5,s mM MgCl,, 2 m M PMSF).
Cells were disrupted by ultrasonication (Labsonic, 5 mrn probe, 60 W, 3 x 2 min) on ice and the cell debris was removed by centrifugation. The radioactivity incorporated was determined by liquid scintillation counting. Crude protein extracts were dried in a SpeedVac and the pellet was resuspended in sample buffer (2% Servalyte pH 3-10, 9 M urea, 4 % CHAPS, 100 mM DTT, 2 mM PMSF). For isoelectric focusing, a gel solution was prepared using 16.5 g urea, 4.02 ml30 ' / o Acrylamide/Bisacrylamide (28-4: 1.6), 6 ml 10% Nonidet-P40, 1.2 ml 40% Servalyte pH 5-7, 0.3 ml 40% Servalyte pH 35-10, 5.91 ml aqua bidest, 45 p1 10% ammonium persulfate and 30 pl N,N,N',N'-tetramethylethylenediamine (TEMED). Gels were cast in 14-cm-long tubes (4 mm i.d.) and overlaid with 9-5 M urea. After gel polymerization, urea was removed and samples containing 10" c.p.m. were loaded and overlaid with sample overlay buffer Preparative 2-D gel electrophoresis and N-terminal microsequencing. For preparative 2-D protein gel electrophoresis, 500 pg of the crude protein extract was separated using the 2-D Electrophoresis System from Millipore. N-terminal microsequencing of proteins was carried out as described previously (Volker et af., 1994) with modifications according to Antelmann et al. (1995) . Briefly, the Coomassie-stained protein spots were cut from the preparative 2-D gels, ; ! Comparisons with homologous proteins of other bacteria are given for Pgk and EF-Ts (bold, identical amino acids ; underlined, conserved substitutions). t 7 h e isoelectric point and molecular mass of the proteins were calculated with the SWISS-PROT ProtParams tool. NA, not available.
f The molecular mass of the proteins was estimated using molecular mass standards. § The isoelectric point of the proteins was estimated using a standard curve obtained from isoelectric points calculated from the sequence data.
11 Since the N terminus of EF-Tu was blocked, the protein was cleaved with CNBr and the sequence of an internal fragment is given.
IP: 54.70.40.11
On: Mon, 31 Dec 2018 15:37:49 R. SCHMID a n d OTHERS transferred onto a PVDF membrane, stained and sequenced using an Applied Biosystems A473a Protein Sequencer. For cleavage with cyanogen bromide (CNBr), gel pieces were shaken overnight in 0.75 M CNBr dissolved in 80% formic acid. After washing with 80% formic acid, evaporation and neutralization, the peptides were dissolved in sample buffer and separated on a polyacrylamide gel according to Schaegger & Von Jagow (1987) . The peptides were transferred onto a PVDF membrane, stained and sequenced as described above.
Computer-aided analysis of 2-D gels. The dried 2-D gels were exposed to phosphor screens ( 
RESULTS A N D DISCUSSION

Identification of vegetative proteins on 2-D gels
In the past we have focused on the investigation of the stress response of B. subtilis. Most of the stress proteins are synthesized at very low rates during growth and are therefore barely detectable during growth. In the course of our work we have realized that a number of prominent proteins from extracts of exponentially growing cells continue to be synthesized at rather high, albeit reduced rates after various stresses. For this reason these proteins could serve as ideal marker spots (reference points) in the construction of a 2-D protein index of B. subtilis. Since these proteins are intensively synthesized during growth (Fig. 1) and their synthesis drops during the exposure to a number of different stresses, it was reasonable to assume that they represent enzymes which perform house-keeping €unctions in the cell. Twenty-three protein spots were selected, cut from preparative 2-D gels and their N-terminal sequence determined (Fig. 1, Table 1 ). For 18 of the 23 proteins a comparison with the databases resulted in the unambiguous identification of the spots because the Nterminal amino acid sequences determined matched the sequences of proteins for which the genes have already been sequenced in B. subtilis. The N-terminal sequences of enolase (Eno) and glyceraldehyde-3-phosphate dehydrogenase (Gap) have already been determined (Miller et al., 1991) .
For one of the spots the N-terminus was blocked, but the determination of the sequence of an internal peptide led to the identification of elongation factor EF-Tu of B. subtilis. For two of the spots the sequences of the genes encoding the proteins have not been determined yet. The high degree of identity with proteins from E. coli and other bacteria, however, argued that the protein spots represented the elongation factor EF-Ts and phosphoglycerate kinase (Pgk) of B. subtilis. The N-terminal sequences of two spots (Veg2 and VegG) did not display any significant similarities to proteins in the databases. The proteins identified so far perform functions in glycolysis and the pentose phosphate cycle, the TCA cycle, amino acid and nucleotide biosynthesis and in translation ( Table 1) .
Effects of glucose starvation or heat shock and salt stress on the synthesis of the proteins identified
Visual interpretation of the autoradiograms of 2-D gels indicated that the vegetative proteins examined in this study were synthesized at a reduced rate after exposure to growth-restricting conditions (Fig. 2b, Table 2 ). Therefore, we used computer-aided analysis of the 2-D gels to investigate the response of those genes to stress and starvation. During glucose starvation the relative synthesis rate of most vegetative proteins, including the proteins identified, decreased (Fig. 2b, 3 ) , correlating with their function in the cell. Upon entry into the stationary phase, the synthesis of enzymes involved in the biosynthesis of building blocks, like amino acids or nucleotides, was shut down. This is shown for 2-dehydro-3-deoxyphosphoheptonate aldolase/ chorismate mutase (AroA), glycine hydroxymethyl- .................................................................................................................... tamine synthetase (GlnA), adenylosuccinate synthase (PurA) and phosphoribosylaminoimidazolecarboxamide formyltransferase/IMP cyclohydrolase (PurH) (Fig. 2b) .
The exhaustion of glucose also reduced the synthesis of the elongation factors EF-Ts and EF-Tu. In E . coli the expression of EF-Tu is subject to the stringent response (Cashel & Rudd, 1987) and in this respect it might be interesting to ask if the stringent response is involved in this down regulation in B. subtilis.
The enzymes involved in glycolysis, such as enolase (Eno), glyceraldehyde-3-phosphate dehydrogenase (Gap), phosphoglycerate kinase (Pgk), fructose-bisphosphate aldolase (FbaA), the pyruvate dehydrogenase complex E l component (PdhB) and the dihydrolipoamide dehydrogenase component (PdhD) were produced at a reduced level during stationary phase provoked by glucose starvation. In contrast to these glycolytic enzymes, the synthesis of isocitrate dehydrogenase (CitC) involved in the TCA cycle was stimulated during glucose starvation. It has been reported that enzymes of the TCA pathway are repressed in cells supplied with an excess of glucose because they are needed at low level if glycolysis is high (Hanson & Cox, 1967) . After exhaustion of glucose, glycolysis is unable to generate enough energy and the TCA cycle plays the key role in energy production (Sonenshein, 1989) . This regulation of CitC was reflected on the 2-D gels (Fig.  2b) .
During heat stress the relative synthesis rate of proteins involved in glycolysis, synthesis of amino acids and nucleotides, translation and the TCA cycle was reduced to approximately 50-10 ' / o of the pre-shift level ( Table  2) . This rather strong reduction in the synthesis of vegetative proteins might partially be caused by the simultaneous strong induction of at least three groups of heat-inducible proteins (see Bernhardt et al., 1997, and Hecker et al., 1996, for review) . This assumption is supported by the analysis of a oB mutant strain which failed to induce the majority of general stress proteins upon heat shock. In this mutant strain the relative synthesis rate of vegetative proteins after heat shock was less reduced than in the wild-type (data not shown). A similar reduction in the synthesis of vegetative proteins was observed after cells had been exposed to salt stress (data not shown).
Due to their high level of synthesis the proteins identified in this report constitute useful marker spots for the construction of the 2-D protein index of B. subtilis. In the next step we and others will extend the index of vegetative proteins and proteins induced during special cultivation conditions will be added (Graumann et al., 1996) . In the accompanying paper (Bernhardt et al., 1997) this is demonstrated for general and specific stress proteins of B. subtilis. Fig. 3 . Relative synthesis rates of vegetative proteins during growth and glucose starvation. Crude protein extracts were prepared, separated by 2-D protein gel electrophoresis and quantified as described in Methods. The bars (from left to right) display the relative synthesis rates of the proteins at time points A, B, C and D marked in Fig. 2(a) . The error bars represent the SD calculated from five independent gels for the control and two independent gels for the glucose starvation samples. 
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